The coupling of reversible ammoniation reactions between two salts presents a method for the exploitation of low grade waste heat. This resorption configuration can be used for thermal transformation or heat pumping, to recover waste heat to primary producers, or for integration in heat networks. To understand the solid/gas reaction behaviour and to model its kinetics, Large Temperature Jump (LTJ) experiments were performed on a composite of barium chloride in an expanded natural graphite (ENG) matrix. A model has been built using a semi-empirical equation from the literature, which has been validated with the LTJ results. The results suggest the semiempirical model provides a reasonable prediction for solid/gas reactions once the constants have been identified. Enhancing the model to handle sequential phase change reactions will enable a wide number of salts to be modelled, making the design of a resorption system practicable.
Introduction
Halide salts reacting with ammonia are an attractive prospect for the purpose of heat pumping and transforming. The reversible reaction may present a comparatively inexpensive alternative to existing absorption systems, particularly in a simple resorption system, which avoids evaporator and condenser components. Existing absorptive systems on the market, such as ammonia-water gas fired heat pumps, are not widely adopted due to high costs. Future physical adsorption systems (e.g., carbon-ammonia or zeolite-water) may become more affordable, but chemisorption systems (e.g., resorption with ammonia-metal halides) produce more heat per kg adsorbed refrigerant and have potentially higher Coefficient of Performance (COP).
Barium chloride presents a reasonable starting point for understanding the kinetics of the halide reactions with its single phase change and low temperature reaction conditions. The salt was impregnated within expanded natural graphite (ENG) in order to address conductivity issues, swelling, or agglomeration. The composite material exhibits the characteristics favoured for a chemisorption machine.
To test the material, it was necessary to perform experiments following the Large Temperature Jump (LTJ) method. LTJ experiments provide a simple technique for testing sorption heat cycles under typical operating conditions and are well documented [1] [2] [3] [4] . In typical sorption operation, the change in temperature of the heat exchanger in thermal contact with the adsorbent bed initiates the adsorption and desorption reactions [3] . Therefore, an LTJ test piece comprised of a typical section of heat exchanger containing a small sample of adsorbent will emulate the performance of a working resorption bed or adsorption generator. The rapid heating and cooling of the sample, while recreating the actual reaction conditions, also presents a simple case to model the rate-limiting phenomena of heat transfer and reaction dynamics. A semi-empirical kinetic model presented by Mazet et al. [5] enabled a simulation model to be written using the temperature rise of the heat exchanger (LTJ) wall as the driving force. The results were then compared to the real experimental data, considering the reaction rate and evolution of the conditions. The large temperature jump reactor designed for this experiment can be seen in Figure 1 .
Materials and Methods

Sample Preparation
The reactive material was comprised of halide salts impregnated within a conductive matrix of expanded natural graphite (ENG). The disks from each sample were cut from SGL Sigratherm board L10/1500, with a density of 1500 g/m 3 . The 10 mm thick board was cut using a water jet cutter into disks of 10.8 mm to fit into half-inch stainless steel tubes (of 10.8 mm bore). A 1 mm hole was drilled in the centre to receive a stainless steel sheathed thermocouple. The disks were weighed and then held submerged in a barium chloride solution, the strength of which determined the disk uptake. The containers with the submerged samples were then evacuated using a vacuum pump. They were left under vacuum for 24 h before removal and then dried in an oven at 200 °C for an hour to remove all moisture [6, 7] . The uptake of salt was measured; 4.5 g of anhydrous barium chloride in 25 mL of water gave an uptake of 0.23 g of salt in 5 disks of 0.642 g ENG in total. In another case, 4.5 g in 25 mL gave 0.294 g in 5 disks with a total mass of 0.632. A higher uptake was produced with 9.38 g added to 25 mL where the 5 disks had an uptake of 0.759 g in a total of 0.67 g ENG.
Large Temperature Jump Apparatus
The reactor design can be seen in Figure 1 . The main component is a reaction vessel that holds the reactive samples; this was comprised of a one-inch stainless steel tube welded around a half-inch tube with cuffs to form a jacket. The half-inch tube is 15 cm in length and the outer 12 cm. The design is to ensure a uniform flow of oil (little velocity variation around the circumference) through the jacket delivering heat to the reactor contents. Swagelok face seal fittings were used to connect to further pipework, to ensure the rig could be removed and replaced easily.
Thermocouples (seen as temperature transmitters in Figure 2 ) measure temperatures of the LTJ wall, the centre of the salt sample, the expansion vessel temperature, and expansion vessel wall temperature. These are connected to an Omega data acquisition device (OMB-DAQ-2408-2AO) and LabVIEW program to collect data and to monitor and control the operation. The valves are switched to alternate the bath feeding the rig. The rapid change in oil temperature feeding the reactor causes the temperature jump effect. The entire rig is shown in Figure 2 . To reduce the gas volume within the reactor vessel, PTFE (Polytetrafluoroethylene) cylinders were placed to hold the samples in the middle. They were drilled with a 1.2 mm centre hole to ensure gas transport (right hand side) in Figure 2 . Or access for the central thermocouple (Left hand side in Figure 2 ). The rig was evacuated and then loaded to a set ammonia pressure in the expansion vessels with the LTJ reactor isolated so that the mass of ammonia in the system could be calculated. For each different nominal pressure tests, the cell was again evacuated so that the total mass of ammonia in the system was known. In operation, the baths were set to temperatures away from the phase change, based on the data presented by Neveu and Castaing [8] . The reactions were carried out at a number of pressures and for the different samples with different masses of salt. 
Reaction Model
A model was built and written into MATLAB to simulate the behaviour of the composite during the process; the kinetic equation component is from work by Mazet, Amouroux, and Spinner [1, 9] and Lebrun and Spinner [10] . The function is shown in Equation (1).
The function describes the rate of reaction / and is the same for both adsorption and desorption reactions, but these must be handled separately. The term represents the degree of conversion, which is defined by = 0 at = 0 and = 1 at = ∞. Pseudo constants to be calculated are and ; represents the order of the reaction, and is a function of Arhenius' law accounting for the activation energy.
is the pressure, and the equilibrium pressure. The equilibrium pressure is calculated from the Clapeyron relationship, Equation (2) where ∆ is the reaction enthalpy change in J mol −1 , ∆ is the reaction entropy change in J mol −1 K −1 , and R is the universal gas constant in J mol −1 K −1 .
To adapt the kinetic equation to a reaction model, a finite element model was written discretising the reactive sample across one dimension (radial). Each element was simulated as a lumped parameter model with heat flow in and out and an enthalpy generated from the reaction. Experimental results provided the temperature of the wall, which is in contact with the first element.
If an equal pressure rise in a small timestep is assumed for all the elements, then knowing the quantity of heat flow in or out of each, plus the assumed kinetic equation allows the change in temperature and mass of adsorbed or desorbed ammonia to be calculated. These, in turn, allow the total mass of ammonia in the whole system, which should be constant, to be calculated. Iteration of the value of the pressure rise to ensure the ammonia mass balance gives the new conditions for the next timestep. The mass balance equation takes account of factors such as gas voids within the cell and the changing volume of ammoniate present. The heat transfer resistance to the first element is modelled as a gas gap, the size of which was calculated by carrying out a temperature jump with no phase change and fitting the predicted temperature curve to the recorded centre temperature. The mathematic model was written in MATLAB.
Equilibrium lines (Equation (2)) from the literature or from our own measurements of a composite sample in a magnetic suspension balance were not necessarily valid in the LTJ, as discussed below. New equilibrium lines were calculated from the LTJ results, so the conditions of the reaction initiation were known before using trial and error to find the constants in the kinetic equation (Equation (1)). With the correct equilibrium line and constants, the model could then predict the temperature of the salt sample as the phase change occurs. This was repeated for the different LTJ tests.
Results and Discussion
A number of tests were performed on the samples with differing amounts of salt. During a desorption-adsorption cycle, it was noted that the temperature of the sample was often found to exceed the point at which the phase change occurs, before quickly going back and settling at the temperature of the reaction. This was found in all cases of desorption and in some cases of adsorption. This is further evidence as to why an LTJ experiment is the best way to test sorption materials; alternative methods do not collect enough data during the transient reaction process, and supersaturation-like effects will not be observed by the use of other techniques. Specifically, a slow 'equilibrium' measurement using, for example, a magnetic suspension balance, may pick out the nonequilibrium temperature peak at the onset of reaction rather than the temperature that exists during the overwhelming bulk of the reaction.
Equilibrium Data
With the reaction data, it was possible to get an array of data points at which the reaction occurs. For the desorption reaction (susceptible to exceeding the equilibrium point), the value was taken after any spike at the plateau. Notably, the adsorption points all occurred on the same line, as shown in Figure 3 . The desorption plots were more scattered, with each of the three different salt concentration samples having slightly different adsorption equilibria. A new equilibrium line based on the Clapeyron equation can be calculated using Equation (2) . The result can be seen in Figure 4 . The fact that the calculated lines presented would ultimately cross suggests that these relationships are not really linear but present a reasonable approach for the model simulation. The calculated enthalpy and entropy values are 35,340 (J/mol) and 223 (J/molK) for adsorption, respectively, and 48,670 (J/mol) and 263 (J/molK) for desorption, respectively. 
LTJ and Modelling Results
Once the heat transfer and equilibrium properties were established, trial and error was used to find the constants and from Equation (1). The desorption and adsorption reactions were treated separately and had different constants. The findings show that the kinetic model was reasonably accurate at predicting the rate of reaction over a number of different conditions for samples with different mass fractions of salt.
The experimental and simulated results are shown in Figures 5 and 6. One can observe the previously described non-equilibrium temperature peaks (desorption) and troughs (adsorption) in the experimental results. In desorption, the wall temperature can be seen to rise, showing the temperature jump and the driving force for the reaction. There is some divergence between results, but what gives particular confidence is the ability of the model to predict the absorption reaction, which is slower and will likely be the rate-limiting effect in a resorption system. Furthermore, it is significant that the overall cycle times are so short, often less than 15 min. For all desorption tests, the values for the constants and that gave the best fit were 2 and 3.5, respectively, suggesting a second order reaction. Adsorption reactions and were found to be 1 and 0.1, respectively. The results shown in Figures 5 and 6 show that the semi-empirical model provides a reasonable prediction for solid-gas reactions, predicting the reaction quantity and rate for the range of conditions tested (between two and eight bar). At room temperature, above eight bar ammonia is at danger of condensing and below two bar is outside the expected working conditions, and mass transfer effects begin to effect below this. This is particularly important as evidence suggests that in these composite samples, the reaction is heat-transfer limited rather than chemical-reaction-rate limited. This can be seen in Appendix A, where the pressure change during the reaction can be observed as linear, suggesting there is no diminishment in rate due to a change in concentration of ammoniate. 
These results will enable the design of a prototype transformer to show the potential for waste heat recovery. Further research will explore the more detailed behaviour of the material. Figure 5d shows the divergence between the predicted and experimental centre temperature. However, the predicted pressure (not shown) and, hence, the desorption rate remains a satisfactory match. This is the greatest disparity occurring at extreme reaction conditions (low pressure and salt concentration) outside the range of anticipated use. Further adjustment of parameters may reduce this, but the values of the derived constants and suggest a first and second order reaction as might be expected and should be applicable to the design of full-scale reactors. Future research should consider the chemistry of the composite material and aim to understand the causes of the meta state and reaction initiation, as well as hysteresis and differing equilibrium lines. Future work will look at other salts that will be paired with barium chloride for resorption machines and can consider different kinetic models. 
Conclusions
LTJ test results on barium chloride impregnated into a conductive matrix, showed promise for real resorption systems with favourable short cycle times. Modelling the behaviour with a semiempirical model presented by Mazet et al. was successful in predicting the chemical dynamics over multiple test samples and a range of pressures and temperatures. The results provide enough evidence and knowledge to produce a detailed design for a resorption bed or adsorption generator. Previously recorded equilibrium lines were found to be not appropriate in the dynamic situation, but more experimentation is required. Partly due to the observation of a meta state in both desorption and adsorption, an initial temperature rise or fall beyond the equilibrium level is observed before the reaction commences returning to phase change temperatures. With more tests on other salts and the expansion of the simulation model, a design of a resorption system will proceed. 
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Appendix B. LTJ Matlab Code
Equation=1; % Chose rate equation as below: 
